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Abstract
In this work we derive the X-ray luminosities and accretion rates of radio selected active
galactic nuclei (AGN) from the COSMOS XS survey. The X-ray luminosities are derived
by stacking Chandra X-ray observations from the COSMOS Legacy survey. We subdivide
the AGN in moderate-to-high luminosity AGN (HLAGN), low-to-moderate luminosity AGN
(MLAGN) and radio-excess AGN. We explore the relationships between 1.4 GHz radio
luminosity (L1.4), X-ray luminosity and redshift (z) for these subtypes in a range of 29.1 <
log10(L1.4[erg/s/Hz]) < 33.4 and 0.1 < z < 3.5. The X-ray luminosities are used to derive
the mass accretion rate, Eddington luminosity (λEdd) and specific black hole accretion rate
(s-BHAR). We find a positive relation for accretion rates and redshift at fixed 1.4 GHz
radio-luminosities, which is in line with previous research. We find that HLAGN accrete
radiatively efficient (λEdd > 1%) for z > 0.8, radio-excess AGN accrete radiatively efficient
for z > 1.5 and MLAGN accrete radiatively efficient for z > 2.25. We conclude that HLAGN
are in radiative-mode and MLAGN are in jet-mode for z < 2.25. For redshifts larger than
z > 3.5 the accretion rates for HLAGN, MLAGN and radio-excess become similar and the
HLAGN and MLAGN can no longer be divided in radiative-mode and jet-mode separately.
We also find that X-ray detected sources play a huge role in the accretion properties of AGN.
Without the X-ray detected sources the HLAGN, MLAGN and radio-excess AGN are not
distinguishable from each other anymore in terms of typical X-ray luminosities and accretion
rates. Therefor X-ray emission is the best tracer for finding highly accreting AGN.
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1 Introduction
Figure 1: Relation between SMBH mass and the
stellar mass of its host galaxy for classical bulges and
ellipticals (Kormendy & Ho 2013)
In 2019 astronomers published the first re-
sults of the Event Horizon Telescope collabo-
ration which showed the supermassive black
hole (SMBH) of the elliptical galaxy Messier
87 (Akiyama et al. 2019). We assume every
galaxy to have such a supermassive black hole
in its center since observational evidence shows
almost all galaxies have a SMBH (Kormendy &
Richstone1995). For some of these galaxies the
central region is very active. In this case the
central region emits radiation over the whole
spectrum which is very unusual, because nor-
mal galaxies hardly emit radiation in radio,
X-ray or gamma-ray wavelengths (Sparke &
Gallagher 2007). We call these regions Active
Galactic Nuclei or AGN for short. Galaxies
with such an AGN are called active galaxies.
AGN are thought to play an important role
in the evolution of galaxies since there is a
relation between the evolution of galaxies and
the evolution of their SMBHs (Hickox et al.
2009). SMBHs grow mainly trough accretion
when their galaxy is active and has an AGN.
In this thesis the role of AGN in the evolution
of galaxies will be explored by looking at the
accretion properties of AGN as a function of
redshift.
Figure 2: Representation of the SED of an AGN.
The AGN is given by the black curve and the main
physical components are given with the colored curves
Figure from Hickox & Alexander (2018). The figure
also shows normal star forming galaxies with the grey
line.
Typical galaxies grow in mass through merg-
ing with other galaxies and accretion of cold
gas. They evolve along the blue cloud. When
the galaxy reaches a certain critical mass the
star formation in the galaxy is extinguished
and the accretion of cold gas stops. The mass
growth can only continue in this stage through
galaxy mergers and the galaxy retreats to the
red/dead population (Lilly et al. 2013). Look-
ing at SMBHs is interesting because of this
growth of galaxies. For the past ∼ 11Gyr of
cosmic time the growth of both galaxies and
SMBH seem to be linked to each other due to
the ratio between the growth of the galaxies and the SMBH to staying constant (Heckman 2014).
This relation is illustrated in Figure 1. This figure from Kormendy & Ho (2013) shows that
correlation between SMBH mass and the stellar mass of the host galaxy.
There are a lot of ideas of how AGN could affect this growth and evolution of galaxies. For example
AGN have outflows of heated gas which could suppress the accretion of cold gas. Feedback from
AGN could keep galaxies in the red population by preventing them from forming stars.
AGN are, as described by Hickox and Alexander (2018), the observed manifestation of gas accre-
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tion onto a SMBH. The accretion onto the SMBH produces a disk of material which surrounds
the SMBH. The accretion of a SMBH in AGN is very efficient. Around 5− 42% of the total mass
of the material is transformed into emission (Shapiro & Tekolsky 1983). This accretion allows
us to detect AGN at very high redshifts since small quantities of accretion are able to produce
large luminosities. As mentioned previously the emission produced by the AGN has a very broad
range. This means that it peaks in specific parts of the spectral energy distribution (SED) of
the AGN. The SED is a good method of detection of AGN since the SED of AGN has very
distinctive features. In this thesis we will make use of several of these properties. For example
the fact that their SED is so distinctive makes it easy to selected out of normal star forming
galaxies. This distinction is shown in Figure 2. The dusty torus (red line) and the accretion disk
(blue line) are features in the SED that show if a source is an AGN.
Figure 3: Schematic overview of AGN modes. Both subfigures are not to scale. On the left is the
radiative-mode given and on the right is the jet-mode shown. Figure from Heckman (2014)
AGN are able to have to different modes of accretion: jet-mode and radiative-mode. The modes
are schematically given in Figure 3 to five a better overview. We can separate jet-mode AGN
and radiative-mode AGN by several distinctive features (Heckman 2014). Radiative-mode AGN
have a SMBH which has a surrounding accretion disk. This disk emits a lot of X-ray photons
due to Compton-scattering in the surrounding corona. Surrounding the SMBH and accretion
disk of the AGN is a cloud of dusty molecular gas. The molecular gas absorbs the X-ray photons
and re-emits them in the infrared. Some of the AGN in radiative-mode have jets which produce
radiation at radio wavelengths due to synchrotron emission (Heckman 2014). AGN in jet-mode
have lower accretion rates and their accretion is also less efficient. We call accretion efficient if the
Eddington luminosity ratio (λEdd) is larger than 1%. This λEdd is defined as λEdd = Lbol/LEdd
where Lbol is the bolometric luminosity and LEdd is the Eddington luminosity. The LEdd is the
largest luminosity for which the falling in of material is still possible (Sparke & Gallagher 2007).
Often the accretion disk of the AGN is missing or there is a truncated accretion disk in the inner
regions. In these cases the accretion disk is replaced with a geometrically thick structure with a
shorter inflow time of material than a radiation cooling time. This results in two-sided jets which
produce, as the jets of radiative-mode AGN, radio wavelengths due to synchrotron emission
(Heckman 2014).
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Previous work by Hickox et al. (2009) showed that radio AGN can be distinct from X-ray AGN
and IR AGN. Hickox et al. (2009) selected AGN based on their properties in the IR, radio and
X-ray wavelengths. When selecting AGN there is only a small overlap between radio AGN and
X-ray AGN and between radio AGN and IR AGN, while the overlap between X-ray AGN and IR
AGN is large (Hickox et al. 2009). When looking at the host of AGN there is also an interesting
pattern. Radio AGN are mainly found in luminous red-sequence galaxies, while X-ray AGN are
largely present in galaxies with a green color and IR AGN can be characterized by relatively
bluer host galaxies which are less luminous (Hickox et al. 2009). Also a difference in black hole
mass (MBH) and Eddington luminosity ratios λEdd are found. Radio AGN have massive black
holes (MBH > 10
8M) and small Eddington ratios (λEdd < 10−3). IR AGN display different
masses and ratios. For IR AGN typical values of 3× 107 ≤MBH < 3× 108M and λEdd > 10−2
are found. X-ray AGN distinct themselves by blackhole masses of around 107M and Eddington
ratios 10−3 < λEdd < 1.
Goulding et al. (2014) expanded upon the research by Hickox et al. (2009) by looking at higher
redshifts they find the same characteristics for radio AGN and exploring the evolution of AGN
more in depth. They also found radio galaxies are typically hosted by red-sequence galaxies.
Additionally the characteristics for accretion and luminosity for X-ray AGN and IR AGN are
in line with the findings of Hickox et al. (2009). In addition, they did not find distinction in
evolution for galaxies that host an AGN and for galaxies that do not. There is strong evidence
that once an AGN is on the red-sequence it will not be able to return to bluer regions of the
spectrum. (Goulding et al. 2014). This discovery supports the idea of the co-evolution of galaxies
and SMBHs.
The main purpose of this thesis is looking at the accretion rates of radio selected AGN as a
function of redshift and for a varying range of radio luminosities at 1.4 GHz (L1.4). This is done
by selecting AGN at 3.0GHz with the COSMOS XS Survey (van der Vlugt & Algera et al. 2020).
We use the method of stacking images because X-ray images often have X-ray detected sources at
lower redshifts. For lower redshifts there are more X-ray detected sources as at higher redshifts
which could bias the results. The selected AGN are stacked at X-ray bands of [0.5 − 2.0]keV
and [2.0− 8.0]keV conducted with the stacking tool CSTACK with images from the COSMOS
Legacy Survey (Marchesi et al. 2016). From the found X-ray luminosities, using the bolometric
luminosities, the accretion rates are found.
The methods used in this thesis to find accretion rates are mainly based on the methods used by
Delvecchio et al. (2018). Where Hickox et al. (2009) and Goulding et al. (2014) mainly selected
bright AGN, Delvecchio et al. (2018) investigated the behaviour of fainter radio AGN. In this
thesis we will try to look at even fainter AGN in the radio. They found a positive relation for
X-ray luminosity with redshift at fixed radio luminosity while no evolution for X-ray luminosity
with radio luminosity at fixed redshift was found. Also an increase of factor 10 in the accretion
rate has been observed over redshift. The accretion of the AGN becomes efficient for z ≥ 2. They
also found that for z ≥ 1.5 the picture of two separate accretion modes gets blurred and not
necessarily one mode can be assigned to the AGN.
Hickox et al. (2009) used in their work primarily data for AGN at low redshifts from 0.25 < z < 0.8
which was expanded upon by Delvecchio et al. (2018) by looking at radio selected AGN for
redshifts from 0.6 < z < 5.0. However this work is done by using radio selections from the
VLA-COSMOS 3 GHz Large Project (Smolcˆic´ et al. 2017) which gives a very wide overview of the
COSMOS field (2.6 square deg), but not a very deep view (rms noise level of 2.3 µJy beam−1).
The COSMOS XS survey is ∼ 5 times deeper. Meaning that faint AGN are not detected in this
survey and therefore not included in Delvecchio et al. (2018). This thesis distinguishes itself by
using sources from the COSMOS XS Survey (van der Vlugt & Algera et al. 2020). This survey is
not as wide (∼ 350 arcmin2) as the survey used by Delvecchio et al. (2018) , but it is very deep
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(0.53µJy beam−1). Therefor we’re able to find results for faint AGN.
This thesis will have the following structure. In section 1 a general introduction to AGN is
made, the problem this thesis explores is introduced and previous work on this topic is shown.
In section 2 the used source catalogues are introduces and the instruments which are used to
obtain the data are explained. In section 3 the selection of sources used in this work is shown. In
section 4 the method of finding the X-ray luminosities are explained as well as the corrections
on the X-ray luminosities. In section 5 the method of finding the bolometric luminosities and
deriving the accretion rates is shown as well as their results. In section 6 the results from the
stacking and deriving the accretion rates are discussed as well as compared with the results
from Delvecchio et al. (2018). The thesis is finalized in section 7, section 9 and section 10 where
respectively a summary and conclusions are given, acknowledgments are made and the references
used in this paper are given.
In this thesis we assume a flat ΛCDM cosmology with ΩM = 0.3, ΩΛ = 0.7 and H0 =
70kms−1Mpc−1.
2 Data
For the finding of the accretion rates we use data from several surveys. We select sources in radio
using the COSMOS XS survey (van der Vlugt & Algera et al. 2020), a survey in which 3 GHz
observations were carried out by the Karl G. Jansky Very Large Array (VLA) and the catalogue
provided by Algera & van der Vlugt et al. (2020). The sources are stacked in the X-ray with the
COSMOS Legacy Survey using images from the Chandra X-ray observatory (Civano et al. 2016).
We select AGN in radio and determine their luminosities using X-rays because, as discussed in
the Introduction, are AGN very distinctive at these wavelengths. We choose to select at radio
wavelengths because the new VLA is able to perform sub-µJy surveys due to the recent VLA
upgrade, opening up a new window on the faint radio-AGN population.
2.1 COSMOS XS Survey
To select AGN and to determine the properties of AGN the COSMOS XS Survey is used (van
der Vlugt & Algera et al. 2020). The COSMOS XS Survey is conducted with the VLA which
is pointed at a subsection of the COSMOS field. The VLA is a radio interferometer telescope
which observes in ranges between 70 MHz and 50 GHz with an resolution between 0.2′′ and 0.04′′.
The VLA contains 28 antennas, 27 active antennas and 1 spare antenna. Each antenna is a dish
telescope with a diameter of 25 meters. To give a better resolution the 27 antenna are places in
a Y-shape. The Y-shape has one arm with a length of 17.7 km and two arms with a length of
20.9 km. The antennas can be positioned over these arms in different configurations to observe
at different frequency ranges (NRAO). After an upgrade of the VLA it is possible to preform
sub-µJy surveys. The sensitivity of the telescope was improved by a factor in between 5 and 20.
The COSMOS XS survey consists of an X-band and a S-band pointing at frequencies of 10 GHz
and 3 GHz respectively (van der Vlugt & Algera et al. 2020). Both bands have a resolution of
2.1′′. The specifications of these bands are shown in Table 1. van der Vlugt & Algera et al. (2020)
give a source catalog from the COSMOS XS Survey which van Algera & van der Vlugt et al.
(2020) uses to determine the AGN and properties.
The calibration of the COSMOS XS Survey data is done with a few different calibration steps.
To deal with radio frequency interference which causes peaks in the data the Hanning smoothing
algorithm is used (van der Vlugt & Algera et al. 2020). This radio frequency interference is due to
emitters of radio on earth or in orbit around the earth which have nothing to do with the signal
from the observed object in the sky. The data in the survey is also calibrated for the position of
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the antenna, delay in signal, response of the antenna, response of the band filter, atmosphere and
scaling of the flux. The positions of the antenna are monitored by the National Radio Astronomy
Observatory (NRAO). The antenna of the VLA contain various components which could induce
changes in the signal. An example of such a component is the variable gain in the amplifiers of
the system. These errors are time dependent and we want to exclude them from our data. This
is covered by the calibration for the response of the antenna. We also need to calibrate for the
response of the band filter. The calibrations for the band filter fix the instrumental effects and
variations per frequency for the data. These errors do not originate from the source but from the
filter and signal processing parts of the interferometer. The signals which the detector receive are
all relative signals so these signals have to be scaled to the true values, which is done using a
calibrator and it is called the scaling of the flux (van der Vlugt & Algera et al. 2020).
The atmosphere could also cause large errors in the measurements, thermal emission causes a lot
of noise as well as the absorption of the incoming signal. Also water vapour causes big problems,
it gives big peaks in the radio spectrum making observations at radio wavelengths very hard.
This is the main reason interferometers such as the VLA and ALMA are often placed in desserts.
Just as for optical observations seeing due to the atmosphere is also a problem when observing
at radio wavelengths.
To calibrate observations we use known calibrators, which are very bright point sources. To
calibrate for antenna response and atmosphere in the X-band and S-band respectively J1024-0052
and J0925+0019 are used. To calibrate for flux scale, delay in signal and the band filter 3C286 is
used.
The source detection in the COSMOS XS Survey is done by PyBDSF (Mohan et al. 2015) which
finds sources and the properties of sources. The PyBDSF program returns the error on the
flux density of each source. There is a difference in error measuring for resolved and unresolved
sources. For resolved sources the error is based on a flux fit to a Gaussian and for the unresolved
case the error is based on local noise of the radio image (Mohan et al. 2015).
Band Central Freq. Config. Center Center Obs. time Resolution r.m.s.
[GHz] RA Dec [h] [arcmin] [µJy]
X 10 C 10h00m20s.7 +2◦35′17′′ 90h 2.1′′ 0.41
S 3 B 10h00m25s +2◦33′00′′ 100h 2.1′′ 0.53
Table 1: Table showing the specifications of the COSMOS XS Survey. Table is based on Table 1 from
van der Vlugt & Algera et al. (2020) and the Configuration settings given by the NRAO
The radio luminosities obtained from the survey are initially measured via 3 GHz observations.
In this thesis and previous research luminosities at 1.4 GHz are used, because this is where
historically most radio surveys have been performed. To make better comparison with the
literature we set the luminosities from 3 GHz to 1.4 GHz using (Hogg et al. 2002):
Lf1 =
4piD2L
(1 + z)1+α
(
f1
f0
)α
Sf0 (1)
Where f0 and f1 are the radio frequencies. Here we use f0 = 3GHz and f1 = 1.4GHz. DL is the
luminosity distance, z is the redshift, L is the radio luminosity, S is the radio flux and α the
spectral index. The spectral index used here is α = −0.7. There are several different ways to
classify AGN. For example early literature on AGN divided active galaxies in the three main
classes of Seyfert Galaxies, Radio Galaxies and Quasars. The difference between classification
can be confusing. Therefore the classifications used in this paper are as follows. In this thesis we
will mainly focus on AGN classified in luminosity and radio excess. To be precise the classes used
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in this thesis are moderate-to-high luminosity AGN (HLAGN) and low-to-moderate luminosity
AGN (MLAGN). The HLAGN are mostly associated with radiative-mode AGN, because they are
similarly high in radiation and often have a surrounding accretion disk. The MLAGN are mostly
associated with jet-mode AGN, because MLAGN have lower accretion rates and radio-excess.
The radio-excess AGN contain both HLAGN and MLAGN so have AGN in both AGN modes.
The sample following from van der Vlugt & Algera et al. (2020) has 1437 sources. The sample
Algera et al. (2020) uses to divide in AGN, HLAGN and MLAGN is not the same sample. Algera
et al. (2020) appeal to multi-wavelength data in order to disentangle radio sources that were
blended in van der Vlugt & Algera et al. (2020) catalog, increasing the total number of detected
radio sources to 1540. The detected sources can be classified in different subgroups. The method
of this classification for HLAGN, MLAGN and radio-excess AGN is shown in the next subsections.
Table 2 shows the number of sources for every subgroup.
2.1.1 HLAGN
In this thesis HLAGN are identified following the criteria from Algera et al. (2020). They identify
HLAGN from IRAC colours, X-ray AGN and SED fitting. With spitzer/IRAC colours of local
Seyfert galaxies AGN can be identified (Lacy 2004). This is due to the fact that high luminosity
AGN have a warm dusty torus that absorbs emission from the SMBH and radiates it in the
MIR-continuum. Algera et al. (2020) identifies sources as HLAGN when the are inside the
Donley wedge (Donley et al. 2012). In Table 2 they are dubbed the IRAC method. A lot of
sources in the catalogue have an X-ray detection. To determine if these sources are indeed
HLAGN. Algera et al. (2020) looked at the X-ray properties of star forming galaxies. For star-
forming galaxies there is a relation between X-ray luminosity and FIR-luminosity given by
log(L[0.5−2]keV ) = log(LFIR)− 4.55 (Symeonidis et al. 2014). Sources 2σ above this relation are
counted as HLAGN. In Table 2 these AGN are dubbed with the X-ray method. By looking at the
SED HLAGN can be identified. Algera et al. (2020) used a publicly available python program
called AGNFitter from Calistro Rivera et al. (2016) which uses the Markov Chain Monte Carlo
method to fit for accretion disks and dusty torus. Algera et al. (2020) fit for the accretion disk,
which emits in the UV and in the optical wavelengths. Also the dusty torus was fitted for. The
dusty torus which mostly emits in the MIR-continuum. In Table 2 these are dubbed with the
SED method and identified by their torus and disk component which are dubbed torus and disk.
2.1.2 MLAGN
In this thesis, just as for the HLAGN, the identification of MLAGN is followed from Algera
et al. (2020). MLAGN are identified from radio-excess on the condition it is not an HLAGN.
We identify if an AGN has radio-excess from the radio-FIR correlation and from rest-frame
colors ([NUV − r+]). The radio-FIR correlation can identify AGN from radio-excess and inverse
radio-excess, both are shown in Table 2. Algera et al. (2020) uses Equation 2 from Bell (2003) to
determine whether a source has radio-excess. The radio-FIR correlation is given by: (Bell 2003):
qTIR = log10
(
LTIR
3.75× 1012W
)
− log10
(
L1.4
W/Hz
)
(2)
The radio-FIR correlation describes the relation between the luminosity of dust in star-forming
galaxies and radio luminosity. The cause of this relation is the population of massive stars in a
galaxy that heat up the dust and re-emit energy in the FIR also produce synchrotron radiation at
radio frequencies due to relativistic particles produced by supernovae. From this relation AGN can
be identified because AGN can differ from the radio-FIR correlation due to the AGN producing
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more radio emission as star-forming galaxies. This radio-excess shows the AGN. The FIR-data in
the Algera et al. (2020) catalogue is obtained from the Super-blended mid-to far-infrared catalog
(Jin et al. 2018).
The radio-FIR correlation is first used to select radio-excess AGN using MAGPHYS (da Cunha
et al. 2008). MAGPHYS is a SED fitting code which looks at the energy balance between stellar
emission and dust absorption (Algera et al. 2020). AGN are selected as if their radio-emission is
above 2.5σ from the radio-FIR correlation. The radio-FIR correlation is secondly used to select
inverse radio-excess AGN. This is done by comparing with the detection limit of Hershel, the
space-telescope used to obtain the FIR data. Looking at red galaxies can also give MLAGN.
Algera et al. (2020) assumes that galaxies which are in the red and dead region have no to very
less star formation and all their radio emission must come from the accreting black hole. In this
way we could use the rest-frame color ([NUV − r+]) to identify MLAGN which are in the red
and dead region. Which are the sources with red rest-frame colors. In Table 2 these AGN are
shown with the method [NUV − r+].
2.1.3 Radio excess AGN
The radio-excess in our sample consist of all the AGN (HLAGN & MLAGN) which show radio
excess following the criteria for radio-excess in MLAGN as previously shown by Algera et al.
(2020). It therefore contains all MLAGN. There is per definition no overlap between HLAGN and
MLAGN, but both can show radio-excess. In the radio-excess sample we therefore have AGN
from both the MLAGN and HLAGN. This is also shown in Table 2.
2.1.4 SFG
Star forming galaxies (SFG) are most present class of galaxies in the dataset we use as can be
seen in Table 2. In this thesis we assume all galaxies which remain after selecting the AGN are
star forming galaxies. In any case they have no radio excess or AGN components like a dusty
torus. These SFG will be excluded from our final sample.
Method HLAGN MLAGN AGN SFG q-excess no q-excess
X-ray 106 - 106 - 28 78
IRAC 28 - 28 - 4 24
SED 149 - 149 - 20 129
- Torus 71 - 71 - 5 66
- Disk 98 - 98 - 17 81
Radio-excess 40 134 174 - 174 -
Inverse radio-excess 14 27 41 - 41 -
[NUV − r+] 5 45 50 - - -
Total 224 145 369 1068 177 1260
Table 2: Overview of the source identification. Based and expanded on the table by Algera et al. (2020).
The total number under each subset is not the total of the sum of all rows. Following the criteria for AGN
identification the MLAGN has no X-ray, IRAC or SED AGN and SFGs have none of the all. The used
methods are described in the subsections above.
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2.2 COSMOS Legacy Survey
Figure 4: The Wolter Type I mirror as
used in the HRMA. The incoming X-rays
are reflect first with a parabolic surface
and then with a hyperbolic surface. This
focuses the X-rays. Figure from Gaskin et
al. 2015
For the stacking of X-ray images we use images from
the COSMOS Legacy Survey (Marchesi et al. 2016).
This survey is an X-ray survey covering ∼ 2.2 deg2 of
the sky. The survey combines images of the earlier C-
COSMOS survey and the newly made images with ACIS-
I observations (Civano et al. 2016).
The images used in the Legacy Survey are obtained
with the Chandra X-ray observatory. This observatory
is a space telescope brought into orbit by the Space
Shuttle Columbia in 1999. Because earth absorbs most
of the X-rays from outer space a space telescope is
needed to measure X-rays. The telescope caries several
instruments for observing X-ray emission. The X-ray
observatory is capable of imaging and measuring spectra. These spectra are measured following
two objective transmission gratings. One for high energy transmission (HETG) and one for low
energy transmission (LETG). For imaging it has a High Resolution Mirror Assembly (HRMA).
The observatory has two focal-plane science instruments to measure the X-rays. The High-
Resolution Camera (HRC) and the Advanced Charged Couple Imaging Spectrometer (ACIS)
(Weisskopf 2002)
The COSMOS Legacy Survey uses the ACIS (Civano et al. 2016). The ACIS has a CCD in the
focal plane with an image array and a spectroscopy array (Boughan et al. 2012). In COSMOS
Legacy the image array is used (Civano et al. 2016). The image array contains 4 CCD devices
which are closely mounted to the focal surface of the X-ray optics. The CCD are illuminated on
the front side. To lower the noise a chip low noise output circuitry is used. The CCD has band
ranges from 0.2 keV to 10.0 keV . The ACIS-device has a thermal control which keeps the system
below 173.15K to lower the thermal noise on the instrument (Boughan et al. 2012). The ACIS
receives X-rays from the HRMA. The HRMA contains 4 pairs of grazing incidence Wolter Type-I
mirrors which are concentric and have a thin wall (Chandra X-ray Center 2019). A schematic
overview of these mirrors is shown in Figure 4.
The final ACIS images are calibrated as followed. It has a system level ground calibration
for HRMA and ACIS, on-orbit calibrations for the movement of the telescope and laboratory
calibrations. These calibrations are done with on-board X-ray sources which are radioactive
(Chandra X-ray Center 2019).
3 Selection
From the specifications for the different subtypes of AGN we find from the catalogue of Algera
et al. (2020) 4 subsets of AGN are selected. There are a total of 369 AGN in the COSMOS XS
Survey of which 224 HLAGN, 145 MLAGN and 177 radio excess AGN. As shown in the selection
Figure 5 the survey has a detection limit. Given is the 5σ-detection limit for the survey. Below
this 5σ-detection limit the sources are not good enough for selection. The sources below this
detection limit are excluded from the final bins. To gain understanding of the relation of redshift
and X-ray luminosity and the relation of radio luminosity and X-ray luminosity we not only bin
for redshift, but also for L1.4. The boundaries of each bin and the number of sources per bin
are given in Table 3. We want to be complete in our binning because we want to get the best
possible accretion rates. If there are sources missing this will affect the final results and would
give results which are not reliable.
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The boundaries of the bins are chosen in a way that there are roughly the same number sources
per bin. In this way we will have the highest chance to find a signal. As can be seen in Table 3
the third bin has much less sources per bin then the other bins, but this is not a problem since
for this lower redshifts the X-ray fluxes are higher, the sources are less faint and less distant than
sources at higher redshifts.
Figure 5: Overview of the number of sources per bin. For binning on redshift and 1.4GHz-radio-luminosity.
The dashed blue lines give the edges of the bins and all sources on a blue coloring fall inside a bin. The
red line shows the 5σ detection limit of the COSMOS XS Survey. The whole subset of AGN is given, with
the HLAGN, MLAGN and the radio excess AGN
z log10(L
AGN
1.4 [erg/s/Hz]) AGN HLAGN MLAGN qe
0.1-0.8 29.1-29.7 61 (19) 46 (17) 15 (2) 19 (5)
29.7-30.53 41 (10) 23 (10) 18 (0) 26 (6)
30.53-33.4 12 (6) 4 (4) 8 (2) 11 (5)
0.8-1.5 29.7-30.53 55 (28) 33 (26) 22 (2) 27 (8)
30.53-33.4 38 (13) 17 (13) 21 (0) 28 (6)
1.5-3.5 30.53-33.4 69 (19) 38 (18) 31 (1) 38 (5)
Table 3: Number of sources per bin per AGN sub-type, redshifts boundaries are given by z1 − z2 is
z1 ≤ z < z2. This is the same for the 1.4GHz-Luminosity. The number of AGN is by definition always the
summation of the number of HLAGN and MLAGN. The radio-excess AGN are given with qe which have
both HLAGN and MLAGN. The number of X-ray detections is shown inbetween the brackets after the
number of sources per bin.
12
4 Stacking
The methodology used to determine the LAGNX is done by following the following steps. The X-ray
images of the binned subtypes of AGN (HLAGN, MLAGN and radio-excess AGN) are stacked
to find the average X-ray luminosity of each subtype at a fixed redshift and radio luminosity.
4.1 CSTACK
For the actual stacking of the AGN samples we use an online tool called CSTACK (http:
//cstack.ucsd.edu/) developed by Takamitsu Miyaji. This tool uses ACIS I0-I3 X-ray images
from the Chandra space telescope to stack AGN. A manual on the usage of CSTACK can be
found on http://cstack.ucsd.edu/.
The program needs several inputs. For most of these inputs we used the default setup. The most
important input is the file with the redshifts, right ascension and declination of the sources. From
this file the positions of the sources are extracted. The program checks for every source if the
source lies within the off-axis angle from the optical axis and checks if it is affected by sources
with high X-ray emission and centers for each object the pointings.
The program makes a stacked image of 30′′ × 30′′. In this image there is a source area and a
background area. The standard setting, which used, is a background from 7.′′ from the source to
the edge of the image. The source region is based on the encircled counts fraction (ECF). The
ECF is used to fit the observed distribution of counts. The used setting here is the 90%ECF
radius. Which means that the output radius is set when 90% of the total number of counts is
reached. This radius has a minimum of 1.0′′ and a maximum of the background radius of 7.0′′.
We also tried different settings for these parameters, but this does not give a large difference.
There is also the option to exclude detected X-ray sources. The detected X-ray sources outside
the sample, but within the region of the sample, affect the final results. X-ray sources out of a
radius of 1.4′′ affect the final stacking, but are not necessary part of the AGN. However there are
also X-ray detected sources within the sample. We can exclude all X-ray detected sources and
add them in later. It has also the option to not exclude X-ray detected sources. This is an easier
option when looking at errors on the stacked results. This method is also used by Delvecchio et
al. (2018). By comparing both methods we established that the difference in results for the two
methods is small enough to use the method that does not exclude the detected X-ray sources
first.
The stacking done by the CSTACK program is a mean stacking method. The stacking is done
by multiplying the exposure time with an certain weight, which is by default set to 1, and the
weighted mean is subtracted, this is done for each object. In a similar way this is done for all the
sources in total. From these results a count rate is calculated with:
(3)rs =
Ns
ts
− Nbtb
ps
pb
ECF
Where rs is the count rate, Ns is the source count, ts is the exposure time of the source, Nb is the
background count, tb is the exposure time of the background, ps are the pixels of the source and pb
are the pixels of the background. Only looking at photon counts is not enough to provide statistics
and take the errors on the images from the ACIS instrument into account the program makes a
bootstrap. This bootstrap also helps to circumvent that a small fraction of the sources dominates
the signal. If an input file has N sources the bootstrapping method picks from this selection N
random sources and stacks them. The program does this 500 times and returns a distribution of
500 points. This procedures are described in the CSTACK manual on http://cstack.ucsd.edu/.
An example of the bootstrap results from the soft-band ([0.5 − 2.0] keV ) and the hard-band
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([2.0− 8.0] keV ) are shown in Figure 6. From the count rate we use the PIMMS tool form the
chandra X-ray observatory website.
Figure 6: Example of the results from CSTACK. Left: Stacking results of the second bin of the AGN
from the Soft band. Right: Stacking results of the second bin of the AGN from the Hard band. The blue
lines give the bootstrapping results, the red line gives the cumulative results and the green point gives the
median of the bootstrap. Figures are given by CSTACK (http://cstack.ucsd.edu/)
4.2 X-ray luminosity
From the stacked results we derive the X-ray Luminosity in the soft-band ([0.5 − 2.0] keV ),
hard-band ([2.0− 8.0] keV ) and full-band ([0.5− 8.0] keV ). This is done by using the relation for
flux, redshift and luminosity distance:
LX =
4pid2LfX
(1 + z)2−Γ
(4)
In this equation the luminosity distance is given with dL, the X-ray flux is given with fX , the
redshift is given with z and the Γ gives the photon-index. Γ = 1.7 is used based on a study
Swartz et al. (2004). This study found Γ = 1.74± 0.03 for ultra-luminous X-ray sources observed
by the Chandra X-ray observatory.
The luminosities obtained from the stacking are not suitable to use for finding accretion rates of
AGN yet. To make them suitable we first need to correct the X-ray luminosities for star formation
and nuclear obscuration. This will be done in the following two subsections.
4.3 Correction for the Star Formation Rate (SFR)
AGN are not the only emitters of X-rays. Star formation in galaxies is also a source of X-ray
emission in active galaxies. We assume that all the X-rays from AGN are free of star formation
X-rays, but the galaxy surrounding the AGN still has star formation. High mass X-ray binaries,
hot plasma and supernova remnants emit these X-rays in the host galaxy (Calhau et al. 2020).
To find the X-ray luminosity which is only depended on the AGN we have to subtract the star
formation from the X-ray luminosity found from stacking. For the subtraction the method used
by Delvecchio et al. (2018) is used. This method is used in a similar way by Yang et al. (2017)
to subtract the SFR from the X-ray luminosity. From the infrared X-ray luminosity relation by
Symeonidis et al. (2014) the LSFRX is determined and subtracted from LX to obtain L
AGN
X :
log(L[0.5−2.0]keV ) = log(LFIR)− 4.55 (5)
To convert this relation to our desired full-band of [0.5− 8.0]keV the relation from Ishibashi &
Courvoisier (2010) L ∝ ν1−Γis used:
f =
Lν1−ν2
Lν3−ν4
=
∫ ν2
ν1
ν1−Γdν∫ ν2
ν1
ν1−Γdν
(6)
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Here Γ = 1.7 is also used as in the previous subsection. From this the following relation is
obtained:
log10(L[0.5−8.0]keV ) = log10(LFIR)− 4.03 (7)
This relation is shown in Figure 7 together with the obtained X-ray luminosities for each bin. On
the AGN in Figure 7 is a fit preformed with the same slope as the relation derived from Symeonidis
et al. (2014) to show that on average the AGN have on average more X-ray luminosities as the
SFG in the red SFR region. The offset from the central line of the SFR region is 1.876 dex for
the AGN, 1.964 dex for HLAGN, 1.595 dex for MLAGN and 1.886 dex for the radio-excess AGN.
The SFR region is given by Equation 7 surrounded by a region of 0.74 dex.
Figure 7: [0.5− 8.0] keV luminosities for al subset of AGN against their FIR-luminosities. The red line
is the relation derived from Symeonidis log(L[0.5−8.0] keV ) = log(LFIR) − 4.03 with an error margin of
0.74 dex. The fitted average X-ray luminosity-FIR luminosity for all AGN is given with the dashed line.
This fit is done with a fixed slope from the Symeonidis relation.
4.4 Correction for Nuclear Obscuration
Not only the subtraction of the star formation is needed. The X-ray emission also needs to be
corrected for nuclear obscuration. It is commonly known that X-ray emission and ultraviolet
emission is blocked by dust. This nuclear obscuration especially happens for X-ray emissions for
energies E < 10 keV due to the photoelectric effect (Almeida et al. 2017).
To correct for the nuclear obscuration we adapt a method based on the hardness ratio (HR) used
by Delvecchio et al. (2018) and Marchesi et al.(2016). The HR is given by HR = H−SH+S where H
is the hard-band ([2.0− 8.0] keV ) and where S is the soft-band ([0.5− 2.0] keV ). The HR tells
something about the how much soft band and hard band photons are detected. AGN with a
negative HR are dominated by soft band photons while AGN with positive HR are dominated by
hard band photons. We can link this to nuclear obscuration by looking at the soft band photons.
The soft band photons are more absorbed by the material surrounding the SMBH than photons
in the hard band. The HR are calculated using a Markelov Chain Monte Carlo method with the
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Bayesian Estimation of Hardness Ratios (BEHR) by Park et al. (2006). We make use of a BEHR
because we have to deal with faint sources for which the uncertainties are not Gaussian. To go
from HR to corrections for the nuclear obscuration we use an unobscured power law spectrum to
find the intrinsic flux. With this power-law spectrum we apply a photon index of Γ = 1.8 (Tozzi
et al. (2006)) just as Delvecchio et al. (2018). Delvecchio et al. (2018) uses this power-law with
the XSPEC program (Arnaud 1996) to calculate the intrinsic fluxes. Using CorNuc = Fintr/F
we find the corrections for the nuclear obscuration. Here the intrinsic flux is given by Fintr and
the original flux from stacking is given by F . The HR vales are plotted against the redshift in
Figure 8 with the power-law spectrum from Delvecchio et al. (2018). For each value of the HR,
the redshift and NH an intrinsic flux is given. Where NH is the hydrogen column density in
cm−2 . However as Yang et al. (2017) mentioned are the HR very uncertain and do not apply this
correction. Since nuclear obscuration still plays a crucial role in the whole picture of finding the
X-ray luminosities we still use the method. Instead of applying HR on all the bins individually
we decided to take the mean of the HR and use this mean to correct for all bins. We find that
the final correction to the X-ray luminosity only gives a small difference lying within the errors
when comparing to applying HR on all bins individually. Figure 8 shows for each subset of AGN
a outlier with a column density above log10(NH) = 23. We do not really know what happens
here, but we think that this outlier is caused because at large redshifts the sources become very
faint and therefore give large uncertainties.
Figure 8: Hardness ratios for AGN, HLAGN, MLAGN and radio-excess AGN as a function of redshift.
Also given is a heat map with z-vales the NH values used by Delvecchio et al. (2018) to determine the
Nuclear Obscuration corrections. For each value of the HR, redshift and NH an intrinsic flux is given.
5 Results
Here we give the results for the X-ray luminosities and corrections. Also the bolometric luminosities
and the accretion rates calculated from the bolometric luminosity are given. We calculate three
different accretion rates: mass accretion rate, Eddington luminosity ratio and the specific accretion
rate. The mass accretion rate are the solar masses accreted in a year, the Eddington luminosity
is discussed in section 1 and the specific accretion rate is the bolometric luminosity normalized
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to the stellar mass of the galaxy as defined by Delvecchio et al. (2018).
5.1 X-ray luminosities
After stacking we obtained the full band X-ray luminosities for the range [0.5− 8.0keV ]. These
results are shown in the top panel in Figure 9. In line with the literature (Delvecchio et al.
2018) we can already see a positive relation for the X-ray Luminosity and the redshift at fixed
L1.4. From this picture it is hard to say something about the MLAGN since for the MLAGN
at high redshifts the S/N is too low. This can be expected from the nature of the MLAGN,
the MLAGN are mostly sources which are in jet-mode often lacking an accretion disk and will
therefore emit only small amounts of X-rays. As can be seen these are our least luminous sources.
The radio-excess AGN also contain the more luminous HLAGN which immediately can be seen
by the higher X-ray luminosities. The HLAGN are the samples with the highest luminosities as
can be expected from HLAGN being mostly in radiative-mode. Since we use a mean stacking
method the results from all the AGN are in line with what we would expect for a set with all
AGN. Since the HLAGN will push the mean luminosity up and the MLAGN will push the mean
luminosity down.
5.1.1 SFR subtraction
As been discussed in the methods section is the subtraction of the SFR in the host galaxies of the
AGN is important for finding the AGN X-ray luminosities. However as can be seen by comparing
the top panels in Figure 9 the contribution of the SFR to the X-ray is very small. The SFR
contributes from 0.5% to 3.2% of the total X-ray luminosity with three different values of 8.3%,
33.9% and 14.2% for the third, fifth and sixth point of the MLAGN respectively. These differences
could be explained though the few amount of sources in the third bin and the faintness of the
MLAGN at higher redshift bins. Although the contribution of SFR to the X-ray luminosities
seems to be small and lie within the error-bars we still included the SFR subtraction in our final
results to give a better more well defined picture of the X-ray luminosities of AGN only. We
also do this to make a better comparison with Delvecchio et al. (2018) since they aslo use this
method. As also can be seen by comparing the top panels of Figure 9 do the error-bars and
differences between subsets not change very much. Only the upper limits for the MLAGN at the
higher redshifts seem to be lower.
5.1.2 Nuclear obscuration correction
The X-ray emission due to star formation was subtracted first and after this we corrected for
nuclear obscuration. The X-ray emission of the star formation is expected to come from the
host-galaxy which is not obscured by the dusty torus of the AGN. The results from the nuclear
obscuration correction are shown in the third panel of Figure 9. As can be seen by comparing the
middle panels of Figure 9 the nuclear obscuration correction does have a large effect on the X-ray
luminosity. We find individual corrections for nuclear obscuration between 1.5 and 2.5. These
corrections are larger than the corrections found by Delvecchio et al. (2018) (1.3-1.8), but they
are comparable. The corrections used in Figure 9 are based on the means of the HR ratios which
are shown in Figure 8 and are between 1.67− 1.74 for AGN, 1.68− 1.77 for HLAGN, 1.75− 1.82
for MLAGN and 1.80− 1.90 for radio excess AGN.
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Figure 9: Results from X-ray luminosities with the top panel the LX obtained from CSTACK, the
second panel gives the LX after subtracting SFR, the third panel gives the LX after correcting for
nuclear obscuration and the bottom panel gives the bolometric luminosity. The given uncertainties are
in the 16th-and 84th-percentiles. For the last two bins of the MLAGN is the S/N too low so we show a
95th-percentile upper limit given with an arrow.
5.2 Bolometric luminosities
To identify if the observed luminosity is from the AGN or its host galaxy X-rays are very useful,
but not all X-rays are observed. Chandra has only a limited band and photons outside these
bands are not observed. Therefore we calculate the bolometric luminosities using the luminosity
correction models from Lusso et. al (2012) to find the bolometric luminosities (Lbol). In Figure 10.
the bolometric luminosities for the AGN resulting from the corrections are shown. By comparing
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the bottom two panels of Figure 9. we see the corrections affect the luminosities by a factor 8.9
and 23.2 and for the 5th MLAGN bin a of value of 37.5.
5.3 Accretion Rates
The bolometric luminosities are used to calculate the accretion rates for the AGN and AGN
subsets. We give the mass accretion rates, Eddington luminosity ratios and the specific black
hole accretion rates (s-BHAR).
5.3.1 Mass accretion Rate
We find the mass accretion rates using the method and the matter to radiation conversion
efficiency ( = 0.1) from Alexander & Hickox et al. (2012) and Marconi et al. (2004).
m˙ = 0.15
(
0.1

)(
Lbol
1045ergs−1
)
Myr−1 (8)
The results from the mass accretion rate given by the bolometric luminosity are given in Figure 10.
The results give us a better understanding in how the accretion rates relate to the redshifts. This
definition of the mass accretion rate is not widely used, but we can compare the mass accretion
rate with the later Eddington luminosity ratios and s-BHAR to see if the results from these
accretion properties of the AGN make sense. The errors on the mass accretion are similar to the
errors on the bolometric luminosity. This is due to only the bolometric luminosity going into the
mass accretion rate formula with an error.
5.3.2 Eddington luminosity ratios
To calculate the Eddington luminosity ratios we transferred the stellar masses of the host galaxies
of the AGN using the commonly used relation of MBH = 0.0014M∗ (Ha¨ring et al. 2004) and
find the Eddington luminosity with λEdd = Lbol/LEdd. Where LEdd is the Eddington luminosity
defined by:
LEdd =
4piGMBHmpc
σT
(9)
Where mp is the mass of a proton, σT is the cross section of an electron, c is the speed of light and
G is the gravitational constant. The stellar masses used here are given in the catalog provided by
Algera et al. (2020). They use MAGPHYS to find the radio-excess AGN, but the SED fitting
program is also used for finding the stellar masses of the host gelaxies of the AGN. The results
from the Eddington luminosity ratios are shown in Figure 10. The Eddington luminosity ratios
show us how efficient the accretion of an AGN is. We find that radio excess AGN at redshift
larger than z ∼ 2 are accreting efficiently (λEdd ≥ 1%). This is in line with the results from
Delvecchio et al. (2018). By comparing with the mass accretion ratios we see similar trends over
redshift although the errors are larger for the Eddington luminosity ratios. These are larger due
to the large ranges of stellar masses of the galaxies.
5.3.3 s-BHAR
As mentioned by Delvecchio et al. (2018) is the conversion from stellar mass to black hole mass
is not very accurate. That is why we also show the specific black hole accretion rate just as
Delvecchio et al. (2018) does. The s-BHAR is defined as the bolometric luminosity normalized to
the stellar mass. The main difference with the λEdd is the fact that the s-BHAR is determined
assuming stellar mass, s-BHAR= Lbol/M∗ , while λEdd uses the less reliable MBH . The results
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of the s-BHAR are shown in Figure 10. By comparing with the Eddington Luminosity ratios we
see similar results.
Figure 10: Results for the accretion rates with the top panel the bolometric luminosity, the second panel
gives the mass accretion rate, the third panel gives the Eddington luminosity ratios and the bottom panel
gives s-BHAR. The given uncertainties are in the 16th-and 84th-percentiles. For the last two bins of the
MLAGN is the S/N to low so we show a 95th-percentile upper limit given with an arrow.
5.4 Error analysis
The error analysis is done by preforming a bootstrap method on all the methods and taking for
all the final values the 16th and 84th-percentiles as lower and upper errors respectively. The
95th-percentile upper limits are found in the same way. The bootstrap is done by taking the
original values of the input parameters and re-sampling them by picking 5000 values randomly,
with replacement, from the original parameters. These parameters are calculated through to the
final results of the s-BHAR to find errors for all parameters shown in this thesis.
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6 Discussion
To see how reliable our findings are we will compare our data with the data from Delvecchio
et al. (2018). Because the sources in Delvecchio et al. (2018) do not have the same binning as
our results we also use our method and same binning on the Delvecchio et al. (2018) data to
compare. We also combine the source catalogs from Delvecchio et al. (2018) and the COSMOS
XS survey and look at AGN evolution.
6.1 Comparison data Delvecchio+18
We compare our findings with Delvecchio et al. (2018). In Figure 11 the comparison for the final
X-ray luminosity over the whole band ([0.5− 8.0]keV ) is shown. The results of Delvecchio et al.
(2018) are similar to our results. This shows that our results are in line with expectations and
show that we used the methods for deriving X-ray Luminosity correctly. However our results
are for lower radio luminosities. It has to be noted that the redshift bins used by Delvecchio et
al. (2018) are slightly different from the binning in this thesis. They have more redshift bins
over a larger range. However, in Figure 11 the redshift bins are assigned to the closest bins with
the most overlap in redshift. We also compared the λEdd from Delvecchio et al. (2018) with
Figure 11: Comparison of the X-ray luminosities from the radio excess AGN with the radio excess AGN
from Delvecchio et al. (2018). The first panel shows the LX for the redshift range 0.6− 1.0, the second
panel has redshift range 1.0− 1.4 and the third panel has redshift ranges 1.4− 1.8 and 1.8− 3.0. This is
why for the third panel there are two points above eachother. The redshift range 3.0− 5.0 is excluded
since it falls outside our redshift range. The L1.4 errors on the Delvecchio et al. (2018) bins are given by
the bin width instead of the 16th and 84th percentiles.
our results. These are shown in Figure 12. We find our results to be similar to the results of
Delvecchio et al. (2018). Although the results in this thesis are a bit higher and the error-bars on
the λEdd are larger we see our results generally to be in line with the results from Delvecchio et
al. (2018). We find the similar result as Delvecchio et al. (2018) that for radio-excess AGN at
redshifts z ≥ 2 the accretion becomes efficient (λEdd ≥ 1%).
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Figure 12: Comparison of Eddington Luminosity ratios from the radio excess AGN with the radio excess
AGN from Delvecchio et al. (2018). The binning criteria are the same as Figure 11
We not only compare for LX and λEdd. We also compare our results of the S-BHAR to the results
from Delvecchio et al. (2018). The results of the s-BHAR comparison are shown in Figure 13.
For the s-BHAR we and Delvecchio et al. (2018) find similar results as for the λEdd. Therefore
we conclude also here results that are in line with Delvecchio et al. (2018).
Figure 13: Comparison of s-BHAR from the radio excess AGN with the radio excess AGN from Delvecchio
et al. (2018). The binning criteria are the same as Figure 11
6.2 Comparison data Delvecchio same binning
The errors on the accretion rates from Delvecchio et al. (2018) are surprisingly small taking
in consideration the broad range of stellar masses of the host galaxies. This could be due to a
different approach of measuring the errors on the final accretion rates using the stellar masses of
the host galaxies. To make a better comparison, we used the method used in this work to find
the X-ray properties of the AGN, such as LX and s-BHAR, using the catalog used in Delvecchio
et al. (2018). Because the data used in this thesis is much deeper than the data Delvecchio et al.
(2018) there are some changes. The redshift binning is the same for both our results and the
reproduced data from Delvecchio et al. (2018), but a different binning is used for the binning of
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Figure 14: Comparison of the the radio-excess AGN in this work with the sources of Delvecchio et al.
(2018) using the binning and methods of this work.
the radio luminosity. In Table 4 the binning and number of sources per bin is shown. Although
the number of sources per bin is larger for the data from Delvecchio et al. (2018), the error we
find on the bins is similar to our bins. If we use the same bins as presented in Delvecchio et al.
(2018) we find the same results. This proves that the method we use in this work is correct. This
gives us the ability to make a better comparison as in the previous section.
By comparing the results with the results from this thesis we see that our results are in line with
the findings from Delvecchio et al. (2018). This comparison is shown in Figure 14. For the same
binning all the sources fall inside the error-bars of the Delvecchio et al. (2018) sources. We see a
positive relation over redshift for the accretion rates similar as Delvecchio et al. (2018). However
when looking at the L1.4 at fixed redshift we see for Lbol and m˙ a positive relation for the most
left panel (0.1 < z < 0.8). This is in contradiction with the findings of Delvecchio et al. (2018).
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Delvecchio et al. (2018) assumes an evolution of AGN over redshift which is independent of L1.4,
but this picture does not hold entirely if there is a relation such as we observe here. However
for the s-BHAR and λEdd we do not find this positive relation. The difference between these
two can be explained by the range of masses as shown in Figure 15. By normalising for stellar
mass in the s-BHAR and the equivalent black hole mass in λEdd the positive relation disappears.
This is because higher 1.4 GHz radio luminosity typically have more massive galaxies. As we saw
Figure 15 we see a similar positive relation for X-ray luminosity and radio luminosity resulting
in no relation for the s-BHAR and the λEdd. We also see for both results that for sources above
redshift z ∼ 1.5 the accretion becomes efficient. This is similar to what Delvecchio et al. (2018)
found.
z log10(L
AGN
1.4 [erg/s/Hz]) qe
0.1-0.8 29.7-30.3 170
30.3-31.2 114
31.2-33.4 32
0.8-1.5 30.3-31.2 375
31.2-33.4 152
1.5-3.5 31.2-33.4 340
Table 4: Number of sources per bin for the sources from Delvecchio et al. (2018), redshifts boundaries are
given by z1 − z2 is z1 ≤ z < z2. This is the same for the 1.4GHz-Luminosity. All sources are radio-excess
sources
Figure 15: Stellar masses for the data used in this work and the data from the work from Delvecchio et
al. (2018) as a function of redshift and radio-luminosity.
6.3 Radio-excess AGN
While this work and Delvecchio et al. (2018) find a positive relation for the accretion rates and
the redshift it is unknown what causes this phenomenon. Delvecchio et al. (2018) suggests that
for radio-excess AGN at redshifts larger than z ∼ 1.5 the picture of AGN modes gets blurry
and the samples contain a mix of AGN in jet-mode and radiative mode which could cause this
phenomenon. An other explanation could be an increasing fraction of HLAGN with redshift
in the radio-excess AGN sample. Radio-excess AGN contain of both MLAGN and HLAGN.
HLAGN emit the largest amounts of X-ray photons and more HLAGN in the sample at higher
redshifts gives an increase accretion rates for larger redshift. However as can be seen by looking
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at Figure 16 there is no increase in the percentage of HLAGN or an decrease in percentage of
MLAGN. The ratio of
Figure 16: Comparison of the percentages of HLAGN and MLAGN in each radio-excess AGN bin. The
errors on the numbers of HLAGN and MLAGN are given by Poisson noises.
MLAGN and HLAGN does not change so this is not causing the increase in accretion rates for
radio-excess AGN. What also could play a role in the positive redshift relation is the strength
of the HLAGN. To see the effect of the HLAGN we compared the radio-excess HLAGN with
the MLAGN. However the MLAGN in our sample at higher redshift ranges are too faint and
uncertain in accretion rates to say something about. That is why we also compared them with
the radio-excess HLAGN and the MLAGN from Delvecchio et al. (2018). Using our methods
to find their accretion rates. This is shown in Figure 17. Our findings are comparable with the
findings from the data from Delvecchio et al. (2018). We find positive relations in redshift and
accretion rates for HLAGN and MLAGN. However the accretion rates are higher for the HLAGN
than the MLAGN over the whole range of redshifts. Therefore contributing more to the accretion
rates of the radio-excess AGN as the MLAGN. However the MLAGN still show a positive relation
with redshift so the positive relation with redshift cannot be attributed to just the HLAGN.
Another possibility is that the X-ray detected sources could cause the positive relation for redshift
and accretion rates at fixed L1.4. To check this we also stacked the sample while we filtered out
the X-ray detected sources. Both the MLAGN and HLAGN could contain X-ray detected sources
which influence the final X-ray luminosities. The selection of MLAGN also contains MLAGN
selected from rest-frame colors ([NUV − r+]) these MLAGN could potentially contain X-ray
detected sources. The results from this stacking are shown in Figure 18. The figure also shows
the HLAGN and MLAGN with X-ray detected sources for comparison. As expected are, when
filtering out the X-ray detected sources, the accretion rates lower. However they are even lower
than the MLAGN. This tells us that the X-ray detected sources play a crucial role in the relations
found in this work and the work of Delvecchio et al. (2018). However further research on the
derived accretion rates is deferred to future research.
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Figure 17: Comparison of MLAGN and HLAGN with radio-excess for sources in this work and sources
in the work of Delvecchio et al. (2018)
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Figure 18: Comparison for radio-excess AGN which are filtered for X-ray detection and for the ones
which are not filtered for X-ray detection. Also the MLAGN and the HLAGN are shown.
6.4 HLAGN
We look at the accretion rates found for HLAGN in Figure 10 and compare them with the
characteristics of radiative-mode and jet-mode AGN. The HLAGN show overall the highest
accretion rates. HLAGN reach efficient accretion rates (λEdd ≥ 1%) for redshifts z > 0.8 while
radio-excess AGN have this efficient accretion for redshifts z > 1.5. As already described in the
section 1, radiative-mode AGN have high accretion rates and accretion disks produce a lot of
X-ray photons. Jet-mode AGN have low accretion rates and are radiatively inefficient (Heckman
2014). This gives us the hint that HLAGN are in radiative-mode. This can also be concluded
by looking at the radio-excess AGN. The radio-excess AGN not only contain MLAGN but also
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contain HLAGN. Some of the radiative-mode AGN have radio and some do not (Heckman 2014).
We think that the radio-excess HLAGN are the AGN in radiative-mode with these jets.
6.5 MLAGN
We do the same comparison for MLAGN as we did for HLAGN by looking at the MLAGN
in Figure 10. However for large redshifts are the MLAGN data insufficient and do we use the
sources from Delvecchio et al. (2018) in Figure 17 to compare. Jet-mode AGN have low accretion
rates and are radiatively inefficient. They also have low X-ray luminosities due to the fact that
jet-mode AGN do not have an accretion disk or it is truncated (Heckman 2014). The MLAGN
we show have low accretion rates and are radiatively inefficient as well. This tells us the MLAGN
are in jet-mode for z < 1.5. However the positive relation in redshift could be explained by
the truncated accretion disks of these MLAGN. Lower redshift MLAGN will in general have
more AGN without an accretion disk and less with a truncated one. While for higher redshifts
this shifts and the MLAGN get more AGN with truncated accretion disks and less without an
accretion disk.
6.6 Combining The COSMOS XS survey with Delvecchio+18
Because the survey Delvecchio et al. (2018) use is very wide while the COSMOS XS survey is
deeper it is interesting to combine them to look at the results. Delvecchio et al. (2018) uses the
VLA-COSMOS 3GHz Large project which is covered over a 2 deg2 COSMOS field. This is a
much larger area as the COSMOS XS survey covered. However, the COSMOS XS survey is ∼5
times deeper. Combining these two could give interesting results. We have done this and the
results are shown in Figure 19. However not the whole area is covered with the same r.m.s. and
therefore is the binning not complete. The binning is given in Table 5. The bins which are not
complete are given in bold. The results gained from these points are biased. Also for the error
measuring it was decided to take the median of the stellar masses instead of the whole mass
distribution. Figure 19 shows that there are several points missing due to very large errors. These
large errors are caused by bad values for the mass and FIR data in the data from Delvecchio et
al.
z log10(L
AGN
1.4 [erg/s/Hz]) AGN HLAGN MLAGN qe
0.1-0.8 29.1-29.7 228 (89) 139 (78) 89 (11) 106 (22)
29.7-30.53 378 (124) 191 (116) 187 (8) 248 (48)
30.53-31.5 101 (41) 46 (35) 55 (6) 90 (35)
31.5-34 16 (7) 5 (5) 11 (2) 16 (7)
0.8-1.5 29.7-30.53 518 (238) 327 (225) 191 (13) 237 (44)
30.53-31.5 517 (172) 243 (158) 274 (14) 372 (81)
31.5-34 82 (25) 28 (22) 54 (3) 82 (25)
1.5-2.25 30.53-31.5 580 (163 312 (152) 268 (11) 336 (51)
31.5-34 125 (35) 47 (29) 78 (6) 116 (30)
2.25-3.5 30.53-31.5 349 (93) 240 (89) 109 (4) 167 (20)
31.5-34 154 (36) 86 (31) 68 (5) 114 (24)
3.5-5.0 31.5-34 44 (5) 25 (5) 19 (0) 28 (1)
Table 5: Number of sources per bin per AGN sub-type, redshifts boundaries are given by z1 − z2 is
z1 ≤ z < z2. This is the same for the 1.4GHz-Luminosity. The number of AGN is by definition always the
summation of the number of HLAGN and MLAGN. The radio-excess AGN are given with qe which have
both HLAGN and MLAGN. The incomplete bins are shown in bold. The number of X-ray detections is
shown inbetween the brackets after the number of sources per bin.
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(2018). These points are excluded from the final results. Also the results in the fourth bin are not
reliable because this is a bin with very few sources.
The results for the bold bins are not complete but are in line with the generally observed trends.
Figure 19 shows in the upper two panels the results for stacking the AGN without filtering
out the X-ray detected sources and in the bottom two panels it shows stacking the AGN with
filtering out the X-ray detected sources. In the appendix two figures with all the properties of
both filtered and unfiltered sources are shown. For the filtered sources the X-ray luminosities
and accretion rates are lower than for the unfiltered sources. The most important thing that can
be seen is that the X-ray detected sources play a huge role in the all subsets of AGN since we see
no clear distinction between HLAGN, MLAGN and radio-excess AGN anymore for the filtered
sources. It could cause the flattening of the positive relation for X-ray luminosity and redshift at
fixed L1.4 for HLAGN since at higher redshifts there are relatively fewer X-ray detected sources.
For both filtered and unfiltered sources is the positive relation for X-ray luminosity and redshift
at fixed L1.4 is still visible. For the first two redshift bins there is also positive relation for L1.4
and X-ray luminosity at fixed redshift in contradiction with the findings of Delvecchio et al.
(2018), these could be caused by the stellar mass of the host galaxies. For the unfiltered sources
we find that the HLAGN accrete radiatively efficient (λEdd > 1%) for z > 0.8, radio-excess AGN
accrete radiatively efficient for z > 1.5 and MLAGN accrete radiatively efficient for z > 2.25. For
the filtered sources we find that all subsets of AGN accrete radiatively efficient for z > 2.25.
6.7 AGN evolution
Delvecchio et al. (2018) showed a picture of AGN evolution for radio-excess AGN where in-
dependently of L1.4 the AGN go from accreting radiatively efficient, blue AGN in a highly
star-forming galaxy at redshifts higher than z > 1.5 to AGN which accrete radiatively inefficient
(λEdd << 1%), are in the red and passive region at redshifts z << 1. Our results in line with
the results of Delvecchio et al. (2018) except for the independence at low redshifts are . Even
when filtering out the X-ray detected sources we still find this picture for higher redshifts. The
work of Delvecchio et al. (2018) could be linked to Goulding et al. (2014). Goulding et al. (2014)
showed a simple picture of the evolution of galaxies with AGN to the evolution of galaxies for
0 < z < 1. Galaxy evolution follows a similar path at all redshifts and galaxies all begin as
star-forming blue-cloud systems and passive red sequence sources. Galaxies can cross from the
blue star-forming branch to the passive red sequence, but after crossing they are not able to
return to the blue star-forming branch. This also happens according to the evolutionary picture
Delvecchio et al. (2018) for the radio-excess AGN. The HLAGN and MLAGN in this work can
also be linked to Goulding et al. (2014) based on their accretion rates. For redshifts lower than
z < 2.25 we see that the MLAGN are already in the passive red sequence. The HLAGN at the
redshift ranges 0.8 < z < 2.25 are mostly in the blue star-forming region while the HLAGN in at
z < 0.8 are mostly transitioned to the passive red sequence. The HLAGN which have radio-excess
could be the HLAGN which are transitioning to the red passive sequence or are already there.
These conclusions based on accretion rates could be confirmed by looking at the colors of the
AGN as Delvecchio et al. (2018). However these conclusions do not give a good picture at of
what happens at redshifts above z ∼ 2.25. HLAGN and MLAGN could come from the same
origin where HLAGN eventually evolve into MLAGN.
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Figure 19: Comparison for the combined COSMOS XS and VLA-COSMOS 3GHz Large project X-ray
luminosity and accretion rates results for filtering out the X-ray detected sources and for not filtering out
the X-ray detected sources
7 Summary & Conclusion
In this work we looked at the accretion rates of radio selected AGN. These AGN are in this
work classified as HLAGN, MLAGN and radio-excess AGN. The AGN are selected in the
radio-spectrum from the COSMOS XS survey. The AGN are divided in different redshift
bins within a range of 0.1 < z < 3.5 and different 1.4 GHz radio luminosities in a range
of 29.1 < log10(L1.4[erg/s/Hz]) < 33.4. The AGN are then stacked using the stacking tool
CSTACK to find the X-ray luminosity for each bin at a band of [0.5-8.0]keV. The results
from stacking are corrected for star-formation and nuclear obscuration. From the final X-ray
luminosities the bolometric luminosities are derived and from these bolometric luminosities the
mass accretion rates, s-BHAR and λEdd are calculated. We not only did this for the sources from
the COSMOS XS survey, but we applied these methods to sources from combining the COSMOS
XS survey with the survey used by Delvecchio et al. (2018).
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The results and conclusions from this work are as follows:
i) We find the same positive relation for redshift and accretion rates at fixed radio luminosities
as Delvecchio et al. (2018). In contradiction to Delvecchio et al. (2018) we find a correlation
between radio luminosities and X-ray luminosities at fixed redshifts for z < 1.5. The results
ofDelvecchio et al. (2018) can only be found in the s-BHAR and λEdd due to the dividing by
positive relations we found for stellar mass and black hole mass respectively. This emphasizes
the importance of exploring lower 1.4 GHz luminosities as we do with the radio AGN from
the COSMOS-XS survey.
ii) We find that for z < 1.5 the HLAGN are in radiative-mode and that the MLAGN are
in jet-mode, but for z > 1.5 this picture becomes unclear because the MLAGN become
radiatively efficient. We find that the positive relation for HLAGN for redshift and X-ray
luminosity at fixed redshifts flattens at z > 1.5 while the same phenomenon for MLAGN
stays constant.
iii) We also find that X-ray detected sources play a crucial role in the relations found in this
work and Delvecchio et al. (2018). Without the X-ray detected sources the X-ray luminosities
and accretion rates are much lower and the HLAGN, MLAGN and radio-excess AGN are
not distinctive from each other anymore.
8 Future work
This work shows that X-ray detected sources play a huge role in the evolution of AGN. They
could play a key role to what happens to the AGN at redshifts above z ∼ 2.25. Therefore it
would be interesting to look at what happens to the X-ray detected sources. This could be
done by using previous data, but making a new deeper survey over the COSMOS field used
in the VLA-COSMOS 3GHz Large project. To confirm the ideas about the AGN evolution of
HLAGN and MLAGN it would also be interesting to look at the colours of these AGN. The
model provided by Goulding et al. (2014) is heavily based on the halo mass of the AGN hosts.
Therefore it would also be interesting to look at the galaxy mass and black hole masses instead
of L1.4 or redshift to see what happens for different masses. This could be done by using the
same surveys used in this thesis.
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11 Appendix
Figure 20: Comparison for the combined COSMOS XS and VLA-COSMOS 3GHz Large project X-ray
luminosities results for not filtering out the X-ray detected sources
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Figure 21: Comparison for the combined COSMOS XS and VLA-COSMOS 3GHz Large project accretion
rates results for not filtering out the X-ray detected sources
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Figure 22: Comparison for the combined COSMOS XS and VLA-COSMOS 3GHz Large project X-ray
luminosities results for filtering out the X-ray detected sources
38
Figure 23: Comparison for the combined COSMOS XS and VLA-COSMOS 3GHz Large project accretion
rates results for filtering out the X-ray detected sources
39
